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Abstract. We present Multi AXis-Differential Optical Ab-
sorption Spectroscopy (MAX-DOAS) observations of tropo-
spheric BrO carried out on board the German research vessel
Polarstern during the Antarctic winter 2006. Polarstern en-
tered the area of first year sea ice around Antarctica on 24
June 2006 and stayed within this area until 15 August 2006.
For the period when the ship cruised inside the first year sea
ice belt, enhanced BrO concentrations were almost continu-
ously observed. Outside the first year sea ice belt, typically
low BrO concentrations were found. Based on back trajec-
tory calculations we find a positive correlation between the
observed BrO differential slant column densities (1SCDs)
and the duration for which the air masses had been in contact
with the sea ice surface prior to the measurement. While we
can not completely rule out that in several cases the highest
BrO concentrations might be located close to the ground, our
observations indicate that the maximum BrO concentrations
might typically exist in a (possibly extended) layer around
the upper edge of the boundary layer. Besides the effect of a
decreasing pH of sea salt aerosol with altitude and therefore
an increase of BrO with height, this finding might be also re-
lated to vertical mixing of air from the free troposphere with
the boundary layer, probably caused by convection over the
warm ocean surface at polynyas and cracks in the ice. Strong
vertical gradients of BrO and O3 could also explain why we
found enhanced BrO levels almost continuously for the ob-
servations within the sea ice. Based on our estimated BrO
profiles we derive BrO mixing ratios of several ten ppt, which
is slightly higher than many existing observations. Our ob-
servations indicate that enhanced BrO concentrations around
Antarctica exist about one month earlier than observed by
satellite instruments. From detailed radiative transfer sim-
ulations we find that MAX-DOAS observations are up to
about one order of magnitude more sensitive to near-surface
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BrO than satellite observations. In contrast to satellite ob-
servations the MAX-DOAS sensitivity hardly decreases for
large solar zenith angles and is almost independent from the
ground albedo. Thus this technique is very well suited for ob-
servations in polar regions close to the solar terminator. For
large periods of our measurements the solar elevation was
very low or even below the horizon. For such conditions,
most reactive Br-compounds might exist as Br2 molecules
and ozone destruction and the removal of reactive bromine
compounds might be substantially reduced.
1 Introduction
During the 1980’s it was discovered that in the polar spring’s
troposphere the ozone concentrations occasionally drop be-
low the detection limit (Bottenheim et al., 1986; Oltmans and
Komhyr, 1986; Solberg et al., 1996). Typically, low ozone
values were observed for periods of several hours to several
days and the phenomenon was termed ‘troposheric ozone
hole’. Only a few years later, Barrie et al. (1988) discov-
ered that enhanced concentrations of tropospheric bromine
compounds are very likely the cause for the very efficient
ozone destruction. Later on, it was shown by several groups
that in particular enhanced BrO concentrations are present
during such episodes of tropospheric ozone depletion (Haus-
mann and Platt, 1994; Platt and Lehrer, 1996; Kreher et al.,
1997; Tuckermann et al., 1997; Ho¨nninger and Platt, 2002).
A short summary of the relevant chemical reactions is given
in Sect. 2.
After the launch of the Global Ozone Monitoring Experi-
ment (GOME) aboard the European research satellite ERS-
2, it became possible for the first time to search the whole
globe for enhanced tropospheric BrO concentrations and it
was found that enhanced boundary layer BrO concentrations
were indeed present over large areas in both polar regions
during spring (Wagner and Platt, 1998; Richter et al., 1998,
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2002; Wagner et al., 2001; Hollwedel et al., 2003; Jacobi et
al., 2006). From these satellite observations also indications
were found for a strong relation to the presence of first year
sea ice (Wagner et al., 2001) and to areas potentially covered
by so called frost flowers (Kaleschke et al., 2004). Today,
still uncertainties exist on the detailed release mechanisms of
the reactive bromine compounds (see e.g. Sander et al., 2006,
and references therein; Simpson et al., 2007a). In particular
also the importance of different potential sources enriched in
bromide is unclear: such sources could be provided e.g. by
frost flowers, snow flakes fallen into enriched brine; aerosols
enriched in bromide can be created by wind gusts on these
surfaces, on the brine itself (Sander et al., 2006) or by other
processes (Domine et al., 2004; Simpson et al., 2005, 2007b).
Besides the satellite observations, only few ground based
measurements have so far been carried out in regions where
the enhanced boundary layer BrO concentrations actually ap-
pear, e.g. at Barrow, Alert, Hudson Bay in Canada, or Ny
Alesund at Spitsbergen (Hausmann and Platt, 1994; Tuck-
ermann et al., 1997; Ho¨nninger and Platt, 2002; Ho¨nninger
et al., 2004a, b; Simpson et al., 2005, 2007b). Especially in
Antarctica and/or within areas of first year sea ice such obser-
vations are sparse (e.g. Kreher et al., 1997; Frieß et al., 2004).
Thus, and because of several limitations of the satellite ob-
servations, still many open questions remain, not only on the
details of the related chemistry (see e.g. Sander et al., 2006)
but also on the characteristic circumstances necessary for the
occurrence of enhanced BrO concentrations (see Simpson et
al., 2007b, for an overview of our current knowledge).
In particular, it is unclear when and under which condi-
tions the enhanced boundary layer BrO concentrations first
appear in polar spring. From satellite observations the first
events are typically found in mid January (Arctic) and at the
end of July (Antarctica) (Wagner et al., 2001). However,
satellite observations of boundary layer BrO are only possi-
ble if the sun is clearly above the horizon. For measurements
at solar zenith angles (SZA) larger than about 87◦, the sensi-
tivity towards boundary layer BrO strongly decreases while
that for stratospheric BrO strongly increases (Wagner et al.,
2001) (see also Sect. 4.2). This dependence on the solar
elevation prevents the unambiguous detection of enhanced
boundary layer BrO concentrations for the period directly af-
ter the end of the polar night.
Another important question concerns the spatial homo-
geneity and extension of the air masses of enhanced BrO
concentrations. The areas of enhanced BrO concentrations
can have dimensions of up to thousands of kilometres which
can well be observed by satellite instruments. However, the
ground pixel size of satellite observations is still too large
to resolve gradients on scales of only kilometres. Thus air
masses of enhanced BrO concentrations with smaller dimen-
sions are difficult to observe. Similarly, also small air masses
without enhanced BrO concentrations in regions with oth-
erwise enhanced BrO might be overlooked. In general, it
is not possible to directly retrieve information about spatial
gradients on scales with smaller dimension than the ground
pixel size of satellite observations. Another limitation of the
satellite observations is that in many cases enhanced BrO
concentrations might be at least partly shielded by clouds.
Thus, in some situations, when no enhanced BrO concentra-
tions are observed by satellite, it remains unclear if actually
no enhanced BrO concentrations exist or if they are simply
shielded by clouds.
Finally, it is not clear, how far the air masses with en-
hanced BrO concentrations can be transported away from
their source regions. Strongly enhanced BrO concentrations
have so far mainly been observed over areas of first year sea
ice or very close to them (e.g. Wagner et al., 2001; Frieß et
al., 2004; Kaleschke et al., 2004). In particular, it is unclear
how far air masses of enhanced BrO concentrations might be
transported over the open ocean. From satellite observations
over the open ocean typically no enhanced BrO concentra-
tions are detected (with very few exceptions). Because of the
low surface albedo of the ocean surface the sensitivity of the
satellite observations is strongly reduced compared to obser-
vations over snow and ice (see Sect. 4.2). Thus, especially
for observations over oceanic regions close to the edge of the
sea ice it remains unclear if actually no enhanced BrO con-
centrations exist or if they are just not “seen” by the satellite
instrument.
Here we present Multi AXis-Differential Optical Absorp-
tion Spectroscopy (MAX-DOAS) observations made on the
research vessel Polarstern during austral winter 2006 (details
on the cruise can be found at the Polarstern web-page of the
Alfred-Wegener Institute: http://www.awi-bremerhaven.de/
Polar/polarstern.html). From these observations new infor-
mation on the above mentioned open questions could be de-
rived. The main advantage of these measurements is that
they were performed on board of an ice breaker, which di-
rectly crossed the areas of first year sea ice. MAX-DOAS
observations are performed in various slant viewing direc-
tions, which make them especially sensitive to tropospheric
trace gases (Leser et al., 2003; Van Roozendael et al., 2003;
Wittrock et al., 2003; Ho¨nninger et al., 2004a, b; Wagner et
al., 2004; Sinreich et al., 2005; Heckel et al., 2005; Frieß
et al., 2006; Wagner et al., 2007). One specific advantage
of MAX-DOAS observations is that they remain sensitive to
boundary layer BrO concentrations even for large SZA (see
Sect. 4.2), thus enabling measurements directly after the end
of the polar night. Finally, the sensitivity of MAX-DOAS
observations is very similar over areas of high albedo (snow
and ice) and low albedo (ocean). Thus, in contrast to satel-
lite observations, low BrO1SCDs measured by MAXDOAS
unambiguously indicate low boundary layer BrO concentra-
tions over the open ocean.
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2 Bromine chemistry during polar winter
The most important reaction paths for Br chemistry under po-
lar conditions are summarised in Fig. 1. Ozone destruction
occurs via the following sequence: reaction of Br with O3 to
BrO, (typical time constant about 1 s), BrO is converted back
to Br via various path ways e.g. BrO self reaction, closing
the catalytic ozone destruction cycle (note that BrO photoly-
sis does not lead to O3 destruction). Removal of reactive Br-
compounds occurs via reaction with HO2, HCHO and olefins
with a typical time constant of the order of 100 s. Efficient
ozone destruction only occurs, if recycling mechanisms com-
pensate this loss of reactive Br-compounds. Such recycling
can occur via heterogeneous reactions (of e.g. HOBr with
Br−) on ice or snow covered surfaces enriched in sea salt
and/or on aerosol particles containing Br− (e.g. sea salt).
Under conditions of high sun (sun elevation &10◦) dur-
ing polar spring, photolysis of BrO shifts the partitioning be-
tween BrO and Br towards Br (Br/BrO≈0.01). For high BrO
concentrations, the BrO self reaction strengthens this shift
towards Br.
Under conditions of low sun, in particular for sun elevation
angles close or even below the horizon, the photolysis rates
substantially decrease. As a consequence, Br levels drop.
At elevated BrO concentrations (> few ppt), BrO can still
be converted to Br via its self reaction. However, since the
product yield is about 20% for Br2 and 80% for 2 Br, Br2
molecules will accumulate. This conversion of BrO into Br2
can also occur via reaction with HO2 into HOBr and subse-
quent heterogeneous reaction to Br2. We conclude that un-
der conditions with low sun elevation (and low DMS con-
centrations as to be expected over areas of sea ice), most
reactive Br-compounds will exist as Br2 molecules. As a
consequence, ozone destruction and the removal of reactive
compounds due to reaction of BrO with HO2, HCHO and
olefins will be substantially reduced. Note that these consid-
erations indicate only the general dependencies; the actual
partitioning for a given situation (characterised by a specific
solar zenith angle and specific change of solar zenith angle
with time) requires more detailed modelling studies.
3 Ship cruise and instrumental set-up
The MAX-DOAS instrument was installed on board the re-
search vessel Polarstern in October 2005 and since then
continuously performed automatic measurements during the
entire cruise (see also cruise information at: http://www.
awi-bremerhaven.de/Polar/polarstern.html). In austral win-
ter 2006, Polarstern penetrated into the first year sea ice area
which surrounds the Antarctic continent; the first contact
was on 24 June 2006 at 59.5◦ S, 5.0◦ E. On its way back,
Polarstern left the sea ice belt on 15 August 2006 at about
55.5◦ S, 3◦ E. The sea ice in the area which Polarstern crossed
was almost exclusively first year sea ice, containing cracks,
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Fig. 1 Overview on the most important reaction paths for Br-chemistry under polar 
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Fig. 1. Overview on the most important reaction paths for Br-
chemistry under polar conditions. The liquid phase represents snow
and ice covered surfaces enriched in sea ice and/or aerosol particles.
polynyas and areas with Nilas and young ice (L. Kaleschke,
personal communication).
During the whole path within the sea ice belt, the solar
zenith angle was rather large. At the beginning, the daily
minimum values were around 80◦; from 3 July 2006 to 7 July
2006 they stayed >90◦; after 14 August 2006 they reached
values <70◦. Even on the days with large SZA, successful
MAX-DOAS measurements of enhanced tropospheric BrO
were possible (except for five days at the beginning of July).
The MAX-DOAS instrument consists of an indoor and an
outdoor set-up. Both are connected via electric cables and
quartz fibres. The telescope is mounted in a small heated box,
which is moved by a stepper motor to allow elevation an-
gles (α) between 0◦ (pointing to the horizon) and 90◦ (point-
ing to the zenith); the sequence of elevation angles is 1◦,
3◦, 6◦, 10◦, 30◦, 90◦. The telescope box itself is mounted
on a large gimbal-mounted damped pendulum with a heavy
lead weight, to minimise the influence of the ship movement.
From the geometry of the telescope and the quartz fibre, the
field of view is determined as about 1.1 degree. The adjust-
ment of the elevation angles is performed using a water level;
the accuracy is estimated to be about 0.5 degree. It should be
noted that due to possible ice layers on the telescope and/or
the ship movement, the actual field of view might be sub-
stantially larger for individual observations. Unfortunately,
so far it was not possible to quantify and monitor these ef-
fects in detail. Nevertheless, it is important to note that from
the measured radiances and O4 absorptions we found no in-
dications for a substantial and continuous deviation from the
stated values of the field of view and the elevation angle. In
particular there is no evidence that the field of view for the
lowest elevation angle hits the ground.
The light is fed into an Ocean Optics USB 2000 spec-
trograph that disperses the light with a grating and maps it
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onto a one dimensional CCD array with 2048 elements. The
wavelength range reaches from 290 nm to 430 nm, thus en-
abling the analysis of various trace gases including e.g. O3,
NO2, BrO, OClO, HCHO, and SO2. The spectral resolution
is about 0.9 nm (full width at half maximum).
The spectrometer is mounted into a modified hermetic De-
war vessel. In order to avoid ambient air from penetrating
into the protective vessel it had been evacuated and filled up
with gaseous Argon up to 1.2 bar prior to the expedition. Sta-
ble measurement conditions and low detector noise could be
achieved by cooling the spectrograph down to approx. 0◦C
by a two-stage Peltier cooling unit. Spectra are taken about
every 2 minutes between sunrise and sunset. During the night
(for SZA>97◦) automatic measurements of offset and dark
current are taken. The correct time (UTC) and position of
the ship is provided from the on board computer system.
4 Data analysis
4.1 Spectral retrieval
The measured spectra are analysed using the DOAS method
(Platt, 1994). To the (logarithm of the) measured spectrum
several trace gas cross sections as well as a Ring spectrum
(Grainger and Ring, 1962), a Fraunhofer reference spectrum
and a polynomial of low degree are fitted by means of a least
squares fitting routine (Stutz and Platt, 1996). To extract the
tropospheric absorptions from the measured spectra (taken at
low elevation angles), the Fraunhofer spectrum was always
taken from the directly preceding zenith observation. For
the BrO analysis, the wavelength range 335.3–358.9 nm was
used and the cross sections of ozone (223 and 243 K, Bogu-
mil et al., 2003), NO2 (220 K, Vandaele et al., 1997), BrO
(Wilmouth et al., 1999), and the oxygen dimer O4 (Green-
blatt et al., 1990) were included. The Ring spectrum was
calculated from a measured spectrum. For the O4 analy-
sis the wavelength range 345.0–364.5 nm was used and the
cross sections of ozone (223 K), NO2, BrO, and O4 were in-
cluded. The wavelength calibration was performed by fitting
the measured spectra to a high resolution solar spectrum (Ku-
rucz et al., 1984). From the spectral analysis the so called
slant column density (SCD) is retrieved, which is the inte-
grated trace gas concentration along the light path through
the atmosphere.
Because the Fraunhofer spectrum also contains atmo-
spheric absorption structures of the atmospheric trace gases,
the result of the DOAS analysis represents the difference of
the SCDs of the measured spectrum and of the Fraunhofer
spectrum. In the following we will refer to them as dif-
ferential slant column densities (1SCD=SCDmeas−SCDref).
Since the Fraunhofer spectrum was measured in zenith di-
rection, the respective tropospheric absorptions are typically
very weak compared to those measured at low elevation an-
gles. Thus the measured 1SCD is roughly proportional to
the tropospheric concentration. For the detailed interpreta-
tion of the retrieved 1SCD radiative transfer modelling has
to be applied.
4.2 Radiative transfer modelling
In this section we present results of radiative trans-
fer modeling using our Monte Carlo model “TRACY-2”
(Deutschmann and Wagner, 2006; Wagner et al., 2007),
which takes into account multiple scattering, and full
sphericity. From our model results we can estimate the sen-
sitivity of the MAX-DOAS observations for boundary layer
BrO under different measurement conditions. Usually the
results of radiative transfer modelling are expressed as air
mass factors (AMF), which represent the ratio between the
slant column density (SCD) and the vertical column density
(VCD) (Noxon et al., 1979; Solomon et al., 1987; Marquard
et al., 2000).
AMF = SCD/VCD (1)
The AMF can be seen as an indicator for the sensitivity of
the observation. The AMF of MAX-DOAS observations
of tropospheric species can reach especially large values
(AMF>30). Since the results of the MAX-DOAS observa-
tions are expressed as 1SCD, we also calculate so called
“differential AMF” (1AMF(α)=AMF(α)−AMF(90◦)) by
subtracting the modelled AMF for the zenith direction (el-
evation angle α = 90 ˚ ) from the modelled AMFs for the low
elevation angles (α). The VCDs can then be derived by di-
viding the measured 1SCD by the appropriate 1AMF.
VCD =
1SCD
1AMF
=
SCD (α)− SCD (90◦)
AMF (α)− AMF (90◦)
(2)
It should be noted that the AMF for the zenith direction is
usually close to unity; thus especially for the large AMFs at
low elevation angles the 1AMF can be approximated by the
AMF.
The sensitivity (the 1AMF) of MAX-DOAS observation
strongly depends on the atmospheric visibility (Wagner et al.,
2004, 2007; Heckel et al., 2005; Frieß et al., 2006). In the
presence of aerosols or clouds, the sensitivity can be strongly
reduced. Especially in the case of fog, the atmospheric ab-
sorption paths for all viewing directions (including the zenith
direction) can become very similar; consequently for such
cases the 1SCDs and 1AMFs become zero.
To estimate the atmospheric visibility we investigated the
simultaneously observed absorptions of O4. Since the oxy-
gen content of the atmosphere varies only slightly (due to
temperature and pressure variations), the variations of the ob-
served O41SCD can be used as an indicator for variations of
the atmospheric radiative transfer. Especially situations with
a poor visibility, e.g. due to fog, can be identified by low O4
1SCDs.
In the following examples we investigate the sensitivity
of MAX-DOAS observations to surface near BrO concentra-
tions and the O4 absorption. Our particular interest is the
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dependence of the sensitivity on the atmospheric visibility
and the surface albedo.
In our first modelling case study we simulate the atmo-
spheric radiative transfer at 350 nm for the different eleva-
tion angles (1◦, 3◦, 6◦, 10◦, 30◦, 90◦) for various atmospheric
aerosol loads. We calculate 1AMFs for different height pro-
files assuming a surface albedo of 80%. Here it should be
noted that the albedo of snow can vary substantially, depend-
ing especially on its age. In particular for fresh snow the
albedo can even be higher than 80% (Warren, 1982). Nev-
ertheless, for high values of the surface albedo the relative
influence of changes of the albedo are much smaller than for
low surface albedos. Thus the AMFs calculated for an albedo
of 80% can be regarded as representative for a wide range of
snow covered surfaces.
For the calculation of 1AMF we assumed five different
profile shapes. While in reality the vertical distribution of
the BrO concentration might have a more complex shape, the
selected profiles can give insight in the overall dependency of
the sensitivity on altitude.
The first four profiles describe constant BrO concentra-
tions within different height layers: BrO-1: 0–200 m, BrO-
2: 200–400 m, BrO-3: 800–1000 m, BrO-4: 0–1000 m (note
that very similar results are obtained if constant mixing ra-
tios are assumed). The fifth profile has the relative shape of
the atmospheric O4 profile (proportional to the quadratic O2
concentration, see e.g. Greenblatt et al., 1990). For clear sky
(Fig. 2a) the 1AMFs strongly increase with decreasing ele-
vation angle. Especially for the surface-near profile (BrO-1)
the 1AMF can become very high (up to about 40) indicat-
ing the high sensitivity of MAX-DOAS observations; for the
other profiles the 1AMF are systematically smaller; the sen-
sitivity decreases with increasing altitude. This difference
is caused by the fact that most photons are scattered into
the instrument from rather low altitudes. For observations
at low elevation angles the absorption paths for trace gases
close to the surface are long while those for zenith direction
are small. Accordingly, the 1AMF for trace gases located
close to the surface are rather large. For trace gases located
at higher altitudes, the differences in the absorption paths for
the various elevation angles becomes smaller, because part
of the photons is scattered below the trace gas layer, and thus
the 1AMF decreases. In the presence of additional aerosol
scattering, this effect further increases and especially the ab-
sorption paths along the line of sight for low elevation angles
become shorter. Thus the1AMF becomes smaller compared
to an atmosphere without aerosol scattering. If in cases of
strong aerosol scattering the visibility becomes shorter than
the vertical extension of the trace gas layer (e.g. in the pres-
ence of fog), the trace gas absorption becomes independent
on the elevation angle and the 1AMF become zero for all
elevation angles (Fig. 2b, c).
We also investigated one very interesting situation: the
case that the aerosol (or fog) layer does not reach down to
the surface. Figure 2d shows 1AMFs for an aerosol layer
between 200 and 1200 m altitude. While the O41AMFs
are very small, those for the BrO profiles are still substan-
tially larger than zero. Especially for the assumed BrO layer
between the surface and 200 m (BrO-1), the BrO 1AMFs
are similar to the clear sky case (Fig. 2a). These re-
sults are important for the understanding of measurements,
where enhanced BrO1SCDs are accompanied by very small
O41SCDs (see Sect. 5.1).
It is interesting to compare the 1AMFs for MAX-DOAS
observations with the AMFs for satellite viewing geome-
try (Fig. 2e, f). For satellite observations, usually a Fraun-
hofer reference spectrum without tropospheric BrO absorp-
tions (e.g. an extraterrestrial solar spectrum) is used; thus the
result of the spectral analysis represents the total atmospheric
slant column density and the appropriate result of radiative
transfer modelling is an AMF (instead of 1AMF). For most
cases, the 1AMFs for MAX-DOAS observations are much
larger (10–40) than the satellite AMFs (<1–3) indicating the
high sensitivity of the MAX-DOAS measurements. It might
be inetersting to note that over bright surfaces, the satellite
AMF does not strongly depend on the altitude of the Bro
layer which makes the satellite measurements a good esti-
mate of the tropospheric column.
Another interesting finding is that the satellite AMFs for
O4 are almost independent of the aerosol optical density, and
also the AMFs for the BrO profiles stay still clearly above
zero (although they decrease substantially with increasing
optical density). If the layer of enhanced BrO concentrations
is within the cloud (Fig. 2e) the shielding effect is typically
weaker than for cases where the cloud is above the BrO layer
(Fig. 2f). Our results indicate that over bright surfaces even
in the case of fog or clouds, satellite observations are still
sensitive to trace gases close to the ground, indicating that a
significant fraction of the photons which have penetrated the
aerosol or cloud layer and have traversed the layer below can
still reach the satellite instrument.
In a second study, we investigated 1AMFs for MAX-
DOAS observations for various SZA and surface albedos.
For these calculations we only considered the elevation an-
gle of 1◦, since it exhibits the highest sensitivity for trace
gases located close to the surface. We also did not include
scattering by aerosols and clouds; thus our results represent
only upper limits of the respective 1AMFs (Wagner et al.,
2004). However, such upper limits are important to esti-
mate the corresponding lower limits for the tropospheric BrO
VCD (and the respective boundary layer BrO concentrations)
(see Eq. 2).
The 1AMFs for the different trace gas profiles are shown
in Fig. 3a. The 1AMFs only slightly depend on the SZA
and the surface albedo, making MAX-DOAS observations
very sensitive to tropospheric trace gases even at high SZA
and low albedo. This advantage becomes especially obvious
when the 1AMFs are compared to the AMFs for satellite
observations (Fig. 3b). In contrast to the MAX-DOAS ob-
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Figure 2 Modelled sensitivity of MAX-DOAS observations (a-d) and satellite observations 
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Fig. 2. Modelled sensitivity of MAX-DOAS observations (a–d) and satellite observations (e, f) for different atmo pheric conditions over
bright surfaces (albedo = 80%). The model results for the MAX-DOAS observations are expressed as 1AMFs, which are the differences of
the AMFs for the low elevation angles and the AMFs for 90◦ telescope elevation. The 1AMFs (and also satellite AMFs) are calculated for
different height profiles and for different aerosol profiles (altitude range and total optical density indicated in the figures). Our results show
that for clear skies the sensitivity of MAX-DOAS observations is about one order of magnitude larger than that of satellite observations. If
aerosols are present, the sensitivity for surface-near BrO is substantially reduced (except for the case that the aerosol layer does not reach
the ground, see part d). For satellite observations over high ground albedo, even in the case of high aerosol optical density, the sensitivity for
surface near trace gases is still clearly above zero. In part (a) also typical BrO 1SCDs are shown.
servations, the AMFs for satellite viewing geometry strongly
decrease with increasing SZA and decreasing albedo.
5 Results
In Fig. 4 typical results for selected days of the ship cruise
are presented. For the detailed interpretation of the observed
BrO 1SCDs also the simultaneously observed O41SCDs
are presented. Furthermore, observations of the horizon-
tal atmospheric visibility and the ceiling height derived
from the on board monitoring system of the ship (avail-
able via: http://www.awi-bremerhaven.de/MET/Polarstern/
poldatquery.html) are shown. Please note that the visibil-
ity is measured from the backscattered light of a xenon flash
light in the visible spectral range (Videograph III manufac-
tured by Impulsphysik); and the sensed volume is restricted
to a distance <13 m from the instrument. In some cases the
visibilities measured by this instrument might not be fully
representative for those which control the MAX-DOAS ob-
servations. The MAX-DOAS observations typically sense a
much larger volume, especially also higher altitudes. In addi-
tion, especially for fine aerosols, the wavelength dependence
of aerosol scattering might lead to slightly shorter visibilities
in the UV spectral range.
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Figure 3 ΔAMFs for MAX-DOAS observations at 1° elevation angle (left) and AMFs for 
Δ
Fig. 3. 1AMFs for MAX-DOAS observations at 1◦ elevation angle (left) and AMFs for satellite observations (right) for various values of
the surface albedo and different height profiles. While the sensitivity of the satellite observations strongly depends on the surface albedo and
the solar zenith angle, the 1AMFs for the MAX-DOAS observations are almost not affected. For the surface near profile the sensitivity of
the MAX-DOAS observations is about one order of magnitude larger compared to the satellite observations.
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Fig. 4 Measured ΔSCDs of O4 and BrO for selected days during the ship cruise. Also shown 
Δ
Fig. 4. Measured 1SCDs of O4 and BrO for selected days during the ship cruise. Also shown are the horizontal visibility and the ceiling
height derived from the on board instrumentation. For cloud ceilings above about 1km, the O4 absorption is mainly limited by the atmospheric
visibility. For lower clouds the ceiling height itself becomes also important. High BrO 1SCDs are observed for almost all observations when
the ship was inside the area of first year sea ice (part b to f, for details see text).
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For cloud ceilings above about 1 km, the O4 absorption is
mainly limited by the atmospheric visibility (for an elevation
angle of 1◦ the geometrical light path between the telescope
and the cloud base would be 1 km/sin(1◦)≈57 km, which is
much larger than the visibility at 350 nm for a clear atmo-
sphere).
In Fig. 4a results for a day before Polarstern reached the
sea ice area (18 June 2006) are presented. The O41SCDs
are high and show a clearly repeating cycle corresponding to
the sequence of telescope elevation angles. Such a temporal
pattern is obtained if the O4 absorptions at the different eleva-
tion angles are systematically different, which is a strong in-
dication for a high atmospheric visibility (in good agreement
with the measurements of the on board instrumentation). For
the clear sky period of this day the maximum O41SCDs
are about 6.5·1043 molec2/cm5 (e.g. between about 09:00 and
12:00) which is in good agreement with the model results for
a clear day (for an O4 VCD of about 1.3·1043 molec2/cm5
they correspond to a 1AMF of about 5). Also the onboard
measurements of the ceiling height show an almost clear sky
for this period. In contrast to the O41SCDs, on this day
the BrO 1SCDs show no enhanced values indicating that
no enhanced boundary layer BrO concentration was present.
All other results shown in Fig. 4b to f are derived on days
when the ship was inside the area of first year sea ice. On
these days typically high BrO 1SCDs are observed. There
are two interesting exceptions: on 8 August 2006 (Fig. 4d)
the BrO 1SCDs during the first half of the day are close to
zero. Since the O41SCDs of this day are high (also the vis-
ibility is relatively high), this indicates that the surface near
BrO concentrations are actually very low. It should be noted
that similar results of very low BrO concentrations were only
very rarely found during the whole period the ship was inside
the area of first year sea ice (from 24 June 2006–15 August
2006). Low BrO concentrations were only found at the end
of 24.07.2006; at the end of 3 August 2006; in the afternoon
of 7 August 2006; in the main part of the morning of 8 Au-
gust 2006; in the morning and evening of 14 August 2006.
Also in the first half of 10 August 2006 (Fig. 4f) low BrO
1SCDs are measured. However, in this case they do very
likely not indicate low BrO concentrations, but rather low at-
mospheric visibility (as also indicated by the on board mea-
surements and the low O41SCDs).
5.1 Information on the BrO profile from MAX-DOAS ob-
servations
Information on the vertical profile of the BrO concentrations
can be derived in different ways from our observations. One
possibility is to study the dependence of the measured BrO
1SCDs on the elevation angle (see Fig. 2). If e.g. the maxi-
mum concentration was located close to the surface, the de-
pendence of the BrO 1SCDs on elevation angle should be
rather strong; in particular the BrO 1SCDs at 1◦ elevation
should be much larger than those at 3◦. Surprisingly, for no
observation during the whole campaign, we found that strong
increase of the BrO 1SCD for decreasing elevation angle. It
is important to note that for individual observations, several
effects (or also their combination) might cause a strongly re-
duced dependence of the BrO 1SCD on elevation angle. If
e.g. aerosols are present, they can reduce the photon paths
along the lines of sight, and thus the difference of the BrO
1SCDs at low elevation angles. In addition, also ice layers
at the telescope and/or the ship movement might cause an
increase of the field of view of the telescope, which would
also cause a reduced difference of the BrO 1SCDs at low
elevation angles. Thus we would understand if for individ-
ual measurement sequences, the observed dependence of the
BrO1SCDs on elevation angle could be reduced (while high
BrO concentrations were still present close to the ground).
Nevertheless, during the whole campaign we found no single
observation sequence (not even for days with high visibility,
high ceiling height, and also high observed O4 absorption),
for which the increase of the BrO 1SCD for low elevation
angles was in agreement with the model results for a BrO
layer close to the ground (a typical example for the measured
sequence of BrO 1SCDs is shown in Fig. 2a). From these
findings we conclude that the major fraction of the BrO con-
centrations is typically not located close to the surface but at
higher altitudes.
It is interesting to note here that previous MAX-DOAS
observations of polar boundary layer BrO (e.g. Ho¨nninger
and Platt, 2002; Ho¨nninger et al., 2004) were not sensitive
enough to yield similar height information, because of the
lack of observations at low elevation angles.
Another way to estimate the vertical distribution of the
BrO concentration is to investigate the influence of clouds
on the measurements. On some days (e.g. 25 July 2006 and
9 August 2006, see Fig. 4b, e) high BrO 1SCDs, but rather
low O41SCDs are observed. Especially on 9 August 2006
the cloud ceiling (between about 100 and 200 m) and the vis-
ibility were very low. The enhanced BrO 1SCDs indicate
that high BrO concentrations have been mainly present be-
low the cloud.
Combining the two findings we conclude that during the
period when the ship was within the sea ice, typically the
BrO concentrations increased from the surface with increas-
ing altitude. The maximum concentrations are probably lo-
cated around the upper edge of the boundary layer, possibly
reaching partly into the free troposphere. Depending on the
vertical extension of the boundary layer, the thickness of the
layer with maximum BrO concentrations might be several
hundred metres. Occasional occurrence of BrO layers ele-
vated from the ground were also reported by Ho¨nninger et
al. (2004b).
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Fig. 5 Daily maximum BrO ΔSCDs for 1° elevation angle (d). Also shown are the latitude of 
Δ
Δ
Fig. 5. Daily maximum BrO 1SCDs for 1◦ elevation angle (d).
Also shown are the latitude of the ship and the ice edge (a), the
temperatures of air and water (b) as well as daily maximum values
of the global radiation and the sun elevation (c). High BrO 1SCDs
are only found for measurements within the area of first year sea
ice (indicated also by the water temperature <0◦C). For low sun
elevation (<−2.8◦) also no enhanced BrO 1SCDs were found.
5.2 Overview on the whole cruise and relation of the ob-
served BrO 1SCDs to the duration of sea ice contact
In Figs. 5 and 6 the daily maximum BrO 1SCDs are pre-
sented from 17 June 2006 until 21 August 2006. In addition,
also the latitude of the ship and that of the ice edge, the daily
maximum global radiation (from the on board instrumenta-
tion), the daily maximum sun elevation angle as well as the
temperatures of the air and the water are shown. The period
when the ship was inside the sea ice can be clearly deter-
mined from the latitude plot and the time when the water
temperatures were below zero. Outside the first year sea ice
belt, only small BrO 1SCDs were observed. Enhanced BrO
1SCDs are almost entirely found during the period when
the ship was within the area of first year sea ice. One in-
teresting exception appeared on 7 July 2006. On this day
the sun elevation was very low (<−2.8◦) possibly indicating
that the photolysis of Br2 might have been too slow to pro-
vide sufficient amounts of Br radicals that can react with O3
to BrO. On the previous day (6 July 2006) the sun elevation
reached a maximum value of −1.5◦ and still enhanced BrO
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Fig. 6 Top: area of first year sea ice for 24.06.2006 and 15.08.2006 (sea ice data are from the 
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Fig. 6. Top: area of first year sea ice for 24 June 2006 and 15
August 2006 (sea ice data are from the web page of the sea ice group
of the National Centers for Environmental Prediction (NCEP) and
the Marine Modelling and Analysis Branch (MMAB) (http://polar.
ncep.noaa.gov/seaice/). Between these dates the ship was inside the
area of first year sea ice. Bottom: daily maximum BrO 1SCDs for
1◦ elevation angle. High values are almost exclusively found for
measurements within the area of first year sea ice.
1SCDs were observed. It should, however, be noted that for
measurements with sun elevation<0◦ the measurement error
can become very large and the respective BrO 1SCDs might
only be seen as an indicator for the true BrO 1SCDs. For
such conditions, from the spectroscopic results alone it is not
possible to derive unambiguous conclusions on the signifi-
cance of the results. Days with such large errors include the
6 July 2006, 7 July 2006, 11 July 2006, and 13 July 2006
when the optical density of the residual was up to 3%. For
several other days during low sun elevation, the residual was
even larger and no meaningful retrievals were possible at all.
Our measurements indicate that enhanced boundary layer
BrO concentrations almost continuously exist over the sea
ice for the whole period the ship was present there. After the
ship left the area of first year sea ice, again only low BrO
1SCDs were found indicating a short lifetime of the acti-
vated bromine compounds. Another important finding is that
events of enhanced BrO concentrations are observed by the
MAX-DOAS observations about one month earlier than from
satellite observations (Wagner et al., 2001).
To further investigate the variation of the daily maximum
BrO 1SCDs we performed trajectory analyses using the the
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HYSPLIT model (HYbrid Single-Particle Lagrangian Inte-
grated Trajectory Model, access via NOAA ARL READY
Website (http://www.arl.noaa.gov/ready/hysplit4.html, see
Draxler and Hess, 1998). For every day (at noon) we calcu-
lated back trajectories and estimated the duration for which
the air masses have been in contact to the sea ice surface dur-
ing the preceding days. We correlated the daily maximum
BrO 1SCDs with the estimated duration of sea ice contact.
Our results (Fig. 7) show a weak correlation, similar to those
found by Friess et al. (2004), Simpson et al. (2007b). Part
of the scatter might be caused by simplifications of the tra-
jectory analysis (only one trajectory per day, analysis done
“by eye”) and also by variations of the meteorological con-
ditions. Especially changes of the visibility and boundary
layer height would significantly affect the sensitivity of the
MAX-DOAS observations (see Sect. 4).
5.3 Estimation of the BrO mixing ratios
Using the modelled 1AMF we can convert the measured
1SCDs into BrO concentrations and BrO mixing ratios. We
apply this conversion for the telescope elevation of 1◦ and we
consider again the BrO profiles described in Sect. 4.2. We
also assume clear sky conditions, thus our conversion repre-
sents a lower limit for the true BrO concentrations.
In Table 1 the results of the derived BrO mixing ratios
are presented, which strongly depend on the assumed al-
titude profile. They increase with increasing altitude of
the BrO layer (effect of decreasing 1AMF) and decrease
with increasing vertical extension of the layer. The val-
ues shown in Table 1 are calculated for typical measured
BrO 1SCDs (0.5·1015 molec/cm2) and maximum values
(1015 molec/cm2).
The derived mixing ratios cover a wide range. Low values
are calculated for cases with a vertically extended boundary
layer. Very high values are calculated assuming a shallow
layer at high altitudes.
Assuming profiles with increasing concentrations with al-
titude leads to values in the order of several ten ppt. These
values are rather high, but in overall agreement with other
measurements (e.g. Tuckermann et al., 1997; Wagner and
Platt, 1998; Ho¨nninger and Platt, 2002; Ho¨nninger et al.,
2004a, b). If, as concluded from our observations, the max-
imum BrO concentration is not located directly above the
ground, this could explain the rather high mixing ratios com-
pared to ground based observations or satellite observations.
It might be also interesting to note that in contrast to these
measurements, almost all other observations were made in
the northern hemisphere.
6 Discussion and conclusions
We performed MAX-DOAS observations of tropospheric
BrO on board the German research vessel Polarstern during
y = 1.2307x + 2.1254
R
2
 = 0.3207
0
2
4
6
8
10
12
0 0.5 1 1.5 2 2.5 3 3.5 4 4.
Duration of ice contact [days]
B
rO
 D
S
C
D
 [
1
0
1
4
 m
o
le
c
/c
m
²]
SZA = 93°
5
 
Fig. 7 Correlation of the daily maximum BrO ΔSCDs with the duration of the air masses with 
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Fig. 7. Correlation of the daily maximum BrO 1SCDs with the
duration of the air masses with the sea ice surface prior to the
measurements. The duration of sea ice contact was estimated
from back trajectories calculations using the HYSPLIT model (http:
//www.arl.noaa.gov/ready/hysplit4.html). For the measurements on
7 July 2006 low BrO 1SCDs were found although the air masses
have had extended contact to sea ice.
the Antarctic winter 2006. The Polarstern entered the area
of first year sea ice around Antarctica on 24 June 2006 and
stayed within this area until 15 August 2006. For the period
inside the area of first year sea ice, enhanced BrO concentra-
tions were almost continuously observed. Before and after
the period inside the first year sea ice, typically low BrO con-
centrations are observed. The small BrO concentrations over
the open ocean indicate that either the observed air masses
did not originate from the areas of first year sae ice or that
the atmospheric lifetime of activated bromine compounds is
to short to maintain high BrO concentrations after the contact
to areas of first year sea ice. Based on back trajectory calcula-
tions we found a positive correlation between the magnitude
of the observed BrO 1SCDs and the duration for which the
air masses have been in contact with the sea ice surface prior
to the measurement.
From the MAX-DOAS measurements and meteorologi-
cal observations, it was possible to retrieve information on
the vertical distribution of the BrO concentration. For days
with very low cloud ceiling (e.g. between 100 and 200 m),
still enhanced BrO 1SCDs were observed (in contrast to
those of O4) indicating that enhanced BrO concentrations are
present mainly below the clouds. Additional information on
the shape of the BrO concentration profile was derived from
the dependence of the BrO 1SCDs on the elevation angle.
While we can not completely rule out that the maximum BrO
concentrations are located close to the ground, this depen-
dence indicates that the highest BrO concentrations might be
typically located at higher altitudes. From both findings we
conclude that the BrO concentration profile should have a
maximum close to the upper edge of the boundary layer with
decreasing concentrations towards the surface. Depending
on the vertical extension of the boundary layer, the thickness
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Table 1. Estimated BrO mixing ratios for different assumed profiles and BrO 1SCDs.
BrO concentration profile AMF Mixing ratio (in ppt)
for maximum BrO 1SCD
(1015 molec/cm2, see Fig. 5)
Mixing ratio (in ppt)
for typical BrO 1SCD
(0.5·1015 molec/cm2, see Fig. 5)
constant from 0–200 m 39 50 25
constant from 200–400 m 22 88.5 44
constant from 400–600 m 13 150 75
constant from 600–800 m 8 243 121
constant from 800–1000 m 4 487 243
constant from 0–1000 m 15 26 13
linear increase from 0–200 m,
constant from 200–400 m
28 46* 23*
linear increase from 0–400 m,
constant from 400–600 m
15 65* 32*
* mixing ratios for the upper part of the profiles.
of the layer with maximum BrO concentrations might be sev-
eral hundred metres.
Such profiles are in good agreement with the studies of
von Glasow and Sander (2001) and von Glasow et al. (2002),
who found decreasing sea salt pH and increasing BrO con-
centrations with increasing altitude. It is interesting to note
that according to the studies of Lehrer et al. (2004) and Piot et
al. (2007), recycling of active bromine on aerosols can also
play an important in maintaining high BrO concentrations
apart from recycling at the surface.
An additional reason for the maximum BrO concentra-
tion around the upper edge of the boundary layer might
be related to vertical transport processes: while on the one
hand the temperature profiles of the radio sonde observa-
tions made at Polarstern (from upper air soundings, http:
//www.awi-bremerhaven.de/MET/Polarstern/raso.html) typ-
ically indicate very stable inversion layers, it is on the other
hand very probable that often rapid changes of these inver-
sion layers might occur, e.g. when the variation between
warm ocean and cold the sea ice surfaces lead to strong
temperature gradients. The resulting convective vertical air
motion and related mixing might cause effective transport
of ozone-rich air masses from the free troposphere into the
boundary layer and transport of air masses with activated
bromine compounds from the boundary layer into the free
troposphere. Assuming such transport processes should lead
to a maximum BrO concentration around the upper edge of
the boundary layer.
The existence of strong vertical gradients of BrO and O3
might also have an additional important implication: the ob-
servation of an almost continuously enhanced BrO 1SCDs
during the whole ship cruise within the sea ice would be dif-
ficult to explain under the assumption of a continuously sta-
ble inversion layer. In this case one would expect that after a
few days all O3 should be destroyed and accordingly also no
BrO could be formed any more. The observation of contin-
uously enhanced BrO 1SCDs indicates that vertical mixing
processes and vertical gradients of O3 and BrO might play
an important role. Unfortunately, during this ship cruise no
ozone data from in-situ measurements or ozone sondes are
available to compare with our BrO observations.
The measured BrO 1SCDs can be converted into mix-
ing ratios assuming a vertical profile for the BrO concen-
tration. For BrO concentration profile with linearly increas-
ing concentrations from the surface to 200 m (400 m) and
constant concentrations between 200 m and 400 m (400 and
600 m), typical BrO mixing ratios in the order of several
ten ppt are derived from our measurements (see Table 1).
These values are rather high compared with other measure-
ments (e.g. Tuckermann et al., 1997; Wagner and Platt, 1998;
Ho¨nninger and Platt, 2002; Ho¨nninger et al., 2004a, b). The
differences might be mainly related to our findings on the
vertical profile shape. It is especially interesting to note here
that previous MAX-DOAS observations of polar boundary
layer BrO (e.g. Ho¨nninger and Platt, 2002; Ho¨nninger et al.,
2004a, b) were not sensitive enough to yield similar height
information, because of the lack of observations at low ele-
vation angles.
For large parts of our measurements the solar elevation
was very low or even below the horizon. For such conditions,
the atmospheric photolysis rates decrease, Br levels drop and
most reactive Br-compounds will exist as Br2 molecules. As
a consequence, ozone destruction and the removal of reac-
tive compounds due to reaction of BrO with HO2, HCHO
and olefins will be substantially reduced. On one day (7 July
2006) with very low sun elevation (maximum elevation an-
gle <−2.8◦) we indeed found BrO 1SCDs close to zero,
although the air masses have had extended contact (about 4
days) with the sea ice surface. These measurements might be
an indication for the decreasing concentration of Br atoms
for low light conditions. However, our observations should
be seen only as a hint since the measurement uncertainties
are very high for this day.
Atmos. Chem. Phys., 7, 3129–3142, 2007 www.atmos-chem-phys.net/7/3129/2007/
T. Wagner et al.: Enhanced tropospheric BrO over Antarctic sea ice 3141
Our MAX-DOAS observations found enhanced BrO con-
centrations about one month earlier than analysed from satel-
lite observations (Wagner et al., 2001). From detailed radia-
tive transfer simulations we find that MAX-DOAS observa-
tions are typically (except situations with strongly reduced
visibility, e.g. caused by fog) about one order of magnitude
more sensitive compared to satellite observations. In contrast
to satellite observations their sensitivity does hardly decrease
for large solar zenith angles and low albedo. Thus they are
very well suited for observations in polar regions close to the
solar terminator.
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